The purpose of this study is to establish a sensing system to estimate relative talaporfin sodium concentration in skin to evaluate the risk of skin photosensitivity after photodynamic therapy (PDT) using percutaneous fluorescence spectroscopy. A prototype fluorescence sensing probe was made using a pair of 5-cm-long diffuse tips of plastic optical fibers for excitation light irradiation and fluorescence collection. Talaporfin sodium (2.5 mg/kg) was intravenously administrated to three pigs, and the talaporfin sodium concentration in plasma was measured. The fluorescence sensing probe was attached to the skin and excited by a LED light with a peak wavelength of 409 ± 16 nm to obtain the mean area of the talaporfin sodium fluorescence spectral peak (S fluo ). The time history of the talaporfin sodium concentration in tissue was estimated using a two-compartment pharmacokinetic model. The time history of S fluo was described as a composite function of the time history of the measured talaporfin sodium concentration in plasma and that of the estimated concentration in tissue as a double exponential decay function. The relative talaporfin sodium concentration in tissue and the relative contributions of fluorescence from tissue and plasma to S fluo were estimated by the fluorescence system with the numerical pharmacokinetic model. Results also show that tissue compression equivalent to venous pressure might be effective to suppress the contribution of talaporfin sodium fluorescence in plasma.
Introduction
Skin photosensitivity is a major side effect after photodynamic therapy (PDT), although PDT has been widely performed in cancer therapy, such as gastroenterology, thoracic surgery, dermatology, and neurosurgery [1] [2] [3] . Patients are forced to remain hospitalized in darkness, e.g., 1 month for photofrin administration in gastric, esophageal, and early stage lung cancer therapy, to avoid skin photosensitivity [2] [3] [4] [5] . Skin photosensitivity exacerbates sunburn due to the photosensitization reaction caused by exposure to light that excites the photosensitizer remaining in the skin after PDT [6] . Skin photosensitivity occurs mainly in the epidermis, which has a depth of 65-130 m, due to the penetration depth of the light absorbed by the photosensitizer, such as 400-nm-band or ultraviolet (UV) light [7] [8] [9] . Symptoms of skin photosensitivity include pruritus, erythema, edema in the dermis, and blisters [6, 7, 10] , and result from epidermal cell degeneration and dermal inflammatory response [10, 11] .
PDT using talaporfin sodium, a second-generation photosensitizer, has been approved and utilized in therapy for cancers, such as early stage lung cancer and malignant glioma, in Japan [3, 4, 12] . In addition, we have proposed application of PDT using talaporfin sodium for myocardial ablation to treat tachyarrhythmia [13, 14] . Talaporfin sodium is a water-soluble photosensitizer and exhibits strong absorption at 412 nm for the Soret-band and 663 nm for the Q-band [15] . After administration, talaporfin sodium is rapidly metabolized by the liver, with a half-life of 9.0 ± 0.8 h in the fast phase of pharmacokinetics in humans [16] . In the currently approved PDT protocol using talaporfin sodium, hospitalization in darkness for a period of 2 weeks is prescribed to avoid skin photosensitivity [3, 4, 17] . However, the metabolism of talaporfin sodium shows wide variety among individuals; therefore, the incidence rate of skin photosensitivity differs between individuals. For example, in a clinical trial of PDT using talaporfin sodium for malignant glioma in Japan, skin photosensitivity disappeared in 55.6% of patients 4 days after administration, 77.8% of patients 8 days after administration, and none of the patients exhibited any signs of skin photosensitivity by 16 days after the administration based on the currently approved protocol for judging the risk of skin photosensitivity [4, 17] . Therefore, it might be possible to shorten the time period for hospitalization in darkness for patients with high metabolic rates.
A reliable methodology to manage the risk of skin photosensitivity would be helpful for shortening the dark hospitalization period. The current protocol for judging the risk of skin photosensitivity is to expose patient's fingers and palm to sunlight for 5 min to see whether the skin photosensitivity reaction occurs. This protocol is repeated until the photosensitivity reaction is not seen [3, 4, 17] . This methodology is simple and easy to perform; however, it is invasive and has poor reliability.
The aim of this study is to establish a noninvasive optical sensing system capable of estimating relative concentration of talaporfin sodium in skin using fluorescence spectroscopy to evaluate the risk of skin photosensitivity. It is reported that skin photosensitivity does not occur when the concentration of talaporfin sodium in plasma is in the range of 0.6-2.9 g/ml [18] , whereas the talaporfin sodium concentration in skin would be approximately 5.8 times higher than in plasma 7 days after administration [19] . Therefore, the required measurement sensitivity is at least 3.0 g/ml in plasma to evaluate the risk of skin photosensitivity.
There are several reports that estimate the relative photosensitizer concentration in tissue or optical phantoms. For example, Canpolat et al. and Weersink et al. reported on reflectance spectroscopy using fiber bundles to estimate the absorption coefficient of m-tetrahydroxyphenylchlorin (mTHPC) in an optical phantom or aluminum phthalocyanine tetrasulfonate (AlPcS 4 ) in rabbit skin, respectively [20, 21] . However, there is no report of a method or device to predict the relative talaporfin sodium concentration in skin with the aim of evaluation of skin photosensitivity risk.
We designed a fluorescence sensing system to estimate the relative talaporfin sodium concentration in skin employing Soret-band LED light excitation and fluorescence spectral measurement via a pair of diffuse tips made of plastic optical fibers. The properties and performance of this fluorescence sensing system were investigated in vitro. Fluorescence spectra from the skin of pigs administered talaporfin sodium and the talaporfin sodium concentration in plasma were then measured in vivo to demonstrate the estimation of relative talaporfin sodium concentration in skin.
Materials and methods

Design of the fluorescence sensing system
Because the fluorescence measurement would be performed simply before and after PDT, cutaneous measurement on a part of the body not covered with clothing on a daily basis, such as the upper arms, would be preferable. However, the microscopic appearance of the skin surface is nonhomogeneous because of the distribution of sweat pores, lentigo, and hair [8] ; therefore, we employed a large sampling area on the skin using two diffuse tips made of 5-cm-long plastic optical fibers in the fluorescence sensing probe to average the anatomical differences in regions of the skin.
A length of each plastic optical fiber (1 mm , PGU FB1000, Toray Industries, Japan) 5 cm from the distal end was clad-polished using sandpapers #280 and #1000 while checking the light radiation from the diffuse tip to obtain a uniform light distribution. A schematic diagram of the fluorescence sensing probe is shown in Fig. 1 .
The diffuse tips and fibers were aligned next to each other to irradiate the excitation light and collect the fluorescence from talaporfin sodium. Urethane gel with a thickness of 1.0 ± 0.1 mm was employed as a buffer material to attach the fluorescence sensing probe to the skin. The urethane gel and the diffuse tips were adhered together by double-sided adhesive tape. A thermocouple (TH-8162-2, ThreeHigh Co., Ltd., Japan) was also placed on the urethane gel to measure the temperature of the skin surface and assess whether the blood flow of the skin surface was maintained during application of the fluorescence sensing probe. Black masking tape was placed over the diffuse tips and thermocouples to block environmental light.
Blue LED light with a center wavelength of 409 nm and a full width at half maximum (FWHM) of 16 nm (LLS-405, Ocean Optics, Inc., Dunedin, FL) was used to excite talaporfin sodium in the Soret-band, in which the molar absorption coefficient of talaporfin sodium is comparatively high at 1.8 × 10 5 M −1 cm −1 [7] [8] [9] 16] . The penetration depth of this wavelength in skin is reported to be 90-300 m, so the sampling region of the fluorescence sensing system is expected to be the epidermis and dermis [7] [8] [9] [22] [23] [24] [25] . The distribution of talaporfin sodium in skin might be homogeneous because it is reported that talaporfin sodium . The fluorescence collected via the diffuse tip was introduced into measurement optics, which included a 600-nm long-pass filter (FEL0600, Thorlabs Japan, Japan) to eliminate the excitation light, environmental light, and skin tissue autofluorescence. The spectra of the excitation light and the long-pass filter transmittance are shown in Fig. 2 . Spectral measurement was performed with a spectrometer (FL4000, Ocean Optics, Inc., Dunedin, FL) in the wavelength range of 400-800 nm.
Performance of the fluorescence sensing system in vitro
The light transmission rate for the 5-cm-long diffuse tip and a 1.7-m-long plastic optical fiber were measured using an integrating sphere (3P-GPS-040-SF, Labsphere Inc., North Sutton, NH) and a power meter (PowerMax-USB UV/VIS, Coherent Japan, Inc., Japan). Light irradiation distributions from both diffuse tips for excitation light irradiation and fluorescence collection in the fluorescence sensing probe were measured. The input power of the blue LED light for both diffuse tips was 11 mW. The emitted light power distribution from the diffuse tip in the major axis of the plastic optical fiber was measured via a silica optical fiber with a core diameter of 200 m and a numerical aperture (NA) of 0.53 (WF200/220HT53, CeramOptec Industries, Inc., East Longmeadow, MA) using another power meter (OP-2 VIS, Coherent Japan, Inc., Japan). The fiber position was controlled using a motorized stage (SGSP20-85, Sigmakoki Co., Ltd., Japan). The light distribution along the minor axis was measured using the same set up.
Observation of pig skin structure and application of the fluorescence sensing system in vivo Animal preparation and observation of skin structure The animal experiment was conducted in compliance with the Declaration of Helsinki, and conducted with the approval of the ethics committee of IVTeC Co., Ltd., where the in vivo experiment was conducted, and the Animal Care Committee at Keio University, Japan. Three Large White breed (LW), female pigs (mean body weight, 27.7 ± 1.1 kg) were anesthetized with 3% isoflurane and pure oxygen at 1.5-2.0 l/ml. Deep anesthesia was maintained throughout the procedure. Standard limb-lead electrocardiogram, heart rate, blood pressure, oxygen saturation by pulse oximetry, and body temperature were monitored continuously throughout the procedures.
To confirm the tissue structure in the sampling area of the skin photosensitivity sensing system, histological specimens were microscopically observed. Back skin tissue specimens (7 cm 2 ) from the pigs were extracted, fixed with 10% formalin, and embedded in paraffin. The paraffin-embedded sections were then microsectioned at a thickness of 6 m and stained with hematoxylin and eosin (HE). These specimens were observed using a microscope (FSX100, Olympus Co., Japan) at 40× magnification.
Measurement of cutaneous fluorescence
Talaporfin sodium (2.5 mg/kg) was administered via the right cervical vein. Blood (4 ml) was drawn from the left cervical vein to measure the talaporfin sodium concentration in Figure 3 Image showing application of the epidermal photosensitivity sensing probe on the back (a) and lower limb (b) of a pig. After the body hair was shaved, the epidermal photosensitivity sensing probes were attached using surgical tape. plasma before the administration as a control, and every 5 min after the administration up to 90 min. The collected blood was centrifuged at 3000 rpm for 10 min. The plasma was collected from the supernatant to measure the absorption spectrum of talaporfin sodium, its plasma concentration was calculated using a spectrophotometer (UV3600, Shimadzu Co., Japan) in the wavelength range of 350-750 nm. The area of the absorption peak of talaporfin sodium in the wavelength range of 624-691 nm was calculated, and the mean concentration of talaporfin sodium in plasma was estimated based on a calibration curve, which was determined in a preliminary experiment using high-performance liquid chromatography.
The fluorescence sensing probe was applied to the skin of the back and both lower limbs using surgical tape, as shown in Fig. 3 . The blue LED light of 11 mW was inputted into the diffuse tip for fluorescence collection in the fluorescence sensing probe, therefore the irradiance was 4.3 mW/cm 2 . Compression of 200 g/cm 2 , which is greater than venous blood pressure, was applied on the right lower limb to investigate the effect of pressure on fluorescence spectral measurements. Each spectral measurement was conducted for 10 s using the same optics as described in section ''Design of the fluorescence sensing system'', with an integration time of 2 s. These measurements were performed before talaporfin sodium administration as a control and every 5 min after the administration up to 90 min (N = 3).
The temperature of the skin surface was continuously measured using the thermocouple embedded in the fluorescence sensing probe and recorded by a digital recorder (DL750, Yokogawa Electric Corporation, Japan).
After all of the spectral measurements described above, the measured skin regions were observed with the naked eye and relative tissue oxygen saturation was measured using a tissue oxygenation spectral analyzer (C9183, Hamamatsu Photonics, Japan) to investigate the effect of applying the fluorescence sensing system on the skin.
Fluorescence spectral analysis
The fluorescence spectra measured using the fluorescence sensing system include the fluorescence from talaporfin sodium in skin tissue and tissue autofluorescence. Because the tissue autofluorescence must be suppressed in order to accurately measure the fluorescence from the talaporfin sodium distributed in epidermis, the 600-nm long-pass filter was employed in the measurement set up as described above. The talaporfin sodium fluorescence is also affected by variations in the tissue pigmentation and the structure of the measured tissue region. Therefore, we calculated the mean area of the fluorescence spectra of talaporfin sodium in the wavelength range of 660-690 nm using a baseline method. The baseline f( ) was selected as a straight line passing through the points of the fluorescence spectra at wavelengths of 660 and 690 nm, described as follows: 
where fluo 690 and fluo 660 are the measured intensities of the fluorescence at wavelengths of 690 and 660 nm, respectively. The mean area of the fluorescence spectra of talaporfin sodium in the wavelength range of 660-690 nm was calculated using the following formula for fluorescence peak area (S fluo ):
Pharmacokinetic analysis
Pharmacokinetic analysis was performed to predict the time history of talaporfin sodium concentration in tissue based on the measured talaporfin sodium concentration in plasma with the aim of interpret the measured S fluo to distinguish the origin of the measured fluorescence.
Since the pharmacokinetics of a drug are generally complex, mathematical models have been utilized to aid in understanding them [26, 21] . A two-compartment model, one of the major pharmacokinetic models, was employed to analyze talaporfin sodium metabolism in pig skin. In this model, time decays of the talaporfin sodium concentration in both plasma and tissue were described using a double exponential function, as the time history of talaporfin sodium concentration in plasma P(t) and in tissue Q(t), shown as follows [21] :
where A, B, ˛, and ˇ are constants, ˛ > ˇ, D is the talaporfin sodium dosage, and V 1 is the volume distribution of talaporfin sodium in blood [21, 27] . The measured talaporfin sodium in plasma was fitted to a double exponential curve using a least-squares method to estimate the time history of talaporfin sodium in tissue Q(t). Since the measured fluorescence of talaporfin sodium excited by Soret-band LED light using the fluorescence sensing system might originate from talaporfin sodium distributed in both tissue and plasma, the time history of S fluo can likely be described by a composite function of P(t) and Q(t) in a double exponential decay function as follows:
where a and b are constants. The measured time histories of S fluo were fitted according to (5) , and the constants a and b were derived. The ratio of a to b, a/b, which reflects the contribution of talaporfin sodium fluorescence from plasma relative to that from tissue, was calculated.
Results
Performance of the fluorescence sensing system in vitro
The light transmission rate of the diffuse tip used in the fluorescence sensing probe was 61.4 ± 1.8%. Typical light emission distributions from both diffuse tips for excitation light irradiation and fluorescence collection embedded in the fluorescence sensing system are shown in Fig. 4 .
Observation of skin structure
A typical HE-stained specimen of the back skin of a pig observed at 40× magnification is shown in Fig. 5 . The measured thickness of the epidermis was 90.6 ± 21.3 m, which was within the range of reported values [7] [8] [9] . Arterioles and venules were found at a depth of 256.6 ± 62.5 m. The pig skin structure was non-homogeneous, and the location of capillaries, arterioles, and venules varied between specimens.
Application of the fluorescence sensing system in vivo and pharmacokinetic analysis
A typical measured fluorescence spectrum of the back skin of a pig is shown in Fig. 6 . The peak fluorescence wavelength of talaporfin sodium was 667 nm [16] . There was no photobleaching of fluorescence during each 10 s measurement, and the skin surface temperature remained within 34.2 ± 0.6 • C throughout the measurement. HE-stained specimens did not show any evidence of inflammation or blood vessel occlusion. Moreover, the relative tissue oxygen saturation was 9.0 ± 1.9 for the skin to which the fluorescence sensing probe was applied and 9.8 ± 3.4 for control skin. The peak intensity of talaporfin sodium fluorescence spectra at 667 nm gradually decreased with time after the administration, which might reflect the egestion of talaporfin sodium.
The time history of the measured talaporfin sodium concentration in plasma and the estimated talaporfin sodium concentration in tissue based on the two-compartment pharmacokinetic model are shown in Fig. 7 . The minimum concentration of talaporfin sodium in plasma was 2.5 ± 0.2 g/ml 90 min after administration, which is equivalent to the required sensitivity to evaluate the risk of skin photosensitivity.
The typical time history of S fluo , measured talaporfin sodium concentration in plasma, and estimated talaporfin sodium concentration in tissue were normalized at the maximum of each dataset and are plotted in Fig. 8 . The absolute values of each data are indicated in Fig. 8 by the right-side axes. The time history of S fluo showed an exponential decay 
Discussion
The measured time history of S fluo using a fluorescence sensing system with Soret-band LED light excitation revealed the time history characteristics of the talaporfin sodium concentration in both plasma and tissue. The relative contribution of the talaporfin sodium concentration in plasma and tissue (a/b; described by (5)) is shown in Fig. 9 . Excluding some exceptionally high values from the back skin of Pig 3 and limb skin of Pig 1 without compression, the mean a/b value was 0.61 ± 0.17, representing a plasma to tissue ratio of 3:5. This ratio might translate into the sampling depth ratio, assuming a uniform fluorescence intensity distribution in the depth direction for simplification. Assuming that the fluorescence sampling area comprised the Figure 6 Collected fluorescence spectra measured in the back skin of pigs from before (control) to 90 min after talaporfin sodium administration. The spectra were normalized using the maximum detector output at 605 nm. epidermis and dermis, including capillaries, arterioles, and venules, the fluorescence from the epidermis would correspond to that from tissue and the fluorescence from the dermis would correspond to that from plasma. Thus, the depth of the dermis can be calculated as approximately 54.4 ± 12.8 m, while the thickness of the epidermis is 90.6 ± 21.3 m based on microscopic observation of HEstained specimens. The sampling depth of the fluorescence can be estimated as 145.0 ± 34.1 m, which is equivalent to the reported penetration depth of the Soret-band excitation light in skin: 90-300 m [22] [23] [24] [25] . Since the estimated fluorescence sampling depth was in the range of reported values, it was confirmed that the measured S fluo based on the fluorescence measurement using the fluorescence sensing probe reflects the relative talaporfin sodium concentration in skin tissue and plasma. Moreover, the relative remaining talaporfin sodium concentration in skin can be estimated by this measurement and talaporfin sodium pharmacokinetics in plasma. However, a/b showed some exceptionally large values, greater than 2.0, in the back skin of Pig 3. This might be because large blood vessels in the area measured using the fluorescence sensing system increased the contribution of the talaporfin sodium in plasma. For these cases, compression greater than the venous blood pressure might be useful to reduce the contribution of fluorescence of talaporfin sodium in plasma to S fluo as indicated by the results shown in Fig. 9 . It might be because of the compression might exclude the blood circulating in the sampling area of the fluorescence probe.
The fluorescence measurement was performed while the talaporfin sodium concentration in plasma was 2.5 ± 0.2 g/ml, which is equivalent to the reported talaporfin sodium concentration in human plasma 336 h after administration, when almost all patients no longer exhibit skin photosensitivity [18, 28] . More specifically, we performed the fluorescence measurement until 90 min after the administration in pigs; however, this measurement was equivalent to that in humans 336 h after administration. This is because the pharmacokinetics of talaporfin sodium in pigs are 30 times as fast as in humans [18] . Therefore, the
Figure 9
Calculated ratio a/b based on the composite function fitting of S fluo (t) using (5) . The right horizontal axis is for only plots of data from the back of Pig 3. Black: Without compression. Gray: Compression applied. White: Self-weight compression.
fluorescence sensing system has adequate sensitivity to detect the talaporfin sodium fluorescence remaining in skin after PDT to evaluate the risk of skin photosensitivity.
Calculated S fluo based on the fluorescence measurement showed variations in animals, although the measured time decay of talaporfin sodium concentration in plasma was almost the same for each animal. The variation in S fluo might be because of the difference in the remaining talaporfin sodium concentration in skin among individuals due to the specificity of each animal's metabolism. Skin is a peripheral tissue, and pigs metabolize talaporfin sodium very fast, so that the variety in metabolism among individuals in skin might be emphasized [17] . Moreover, S fluo might be affected by the non-homogeneity of the skin structure and the variety of optical properties such as skin color. The 5-cmlong diffuse tip of the fluorescence sensing probe might be effective to average the non-homogeneity of the skin structure, and the normalization of S fluo just after the talaporfin sodium administration might be useful to compensate for the variation in optical properties to analyze the individual metabolism of talaporfin sodium in skin.
The safety of the fluorescence sensing system must be confirmed by not only histological observation but also the damage threshold of skin due to PDT. In the case of the fluorescence sensing system, the radiant exposure to the skin in one measurement was 5.8 mJ/cm 2 . On the other hand, it is reported that the damage threshold of skin due to PDT was approximately 2 J/cm 2 [28] . In addition, photobleaching during the measurements using the fluorescence sensing system was not observed, leading us to believe that the photosensitive reaction of PDT scarcely occurs due to the application of the fluorescence sensing system [29] . Therefore, fluorescence measurement using the developed fluorescence sensing system would be safe.
The advantage of the fluorescence sensing system lies in the use of plastic optical fibers for the diffuse tip. Plastic optical fibers are generally more flexible compared to silica fibers, which makes using them in clinical applications easier. Moreover, the plastic fibers are inexpensive.
With these characteristics and the ability to estimate the relative talaporfin sodium concentration, the fluorescence sensing system would be useful to evaluate the risk of skin photosensitivity after PDT using talaporfin sodium.
Although the efficacy and safety of the fluorescence sensing system were confirmed, there are several limitations. First, the absolute concentration of talaporfin sodium in skin cannot be estimated by fluorescence measurement using the fluorescence sensing system. An additional calibration measurement would be needed to analyze the talaporfin sodium concentration in the skin quantitatively. Second, although the localized pigmentation variety might be successfully compensated by the long sampling length of 5 cm for the diffuse tip and the normalization of S fluo , the fluorescence might not be measured if the absorption coefficient is extremely high [24, 30] .
Conclusion
We demonstrated that relative talaporfin sodium concentration distributed in skin was successfully detected using the fluorescence sensing system employing Soret-band LED light excitation in pig model. Since we estimated that over 60% portion of the measured fluorescence comes from epidermis and the detectivity of the estimated relative talaporfin sodium concentration was equivalent to sufficient detectivity to clinical application, we think our system may be applicable to evaluate skin photosensitivity risk.
